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Abstract 
In the present study, we performed an analysis of the ability of four Saccharomyces 
cerevisiae and one S. bayanus var. uvarum strains, isolated from different industrial 
processes, to ferment increasing amounts of fructose (from 0 to 70%, w/v). Overall 
yeast growth was estimated by integration of the area under optical density versus time 
curves. Subsequently, this parameter was modeled by means of a substrate inhibition 
model. All strains showed a similar behavior against fructose concentration in spite of 
their different origin, but with slight differences. The optimum fructose concentrations 
to stimulate yeast growth were obtained between 4.33 and 6.05%, while the maximum 
concentrations above which growth was completely inhibited were attained between 
59.56 and 63.85%. Statistically, model parameters calculated for wine yeast strains were 
significantly different than those obtained for yeasts from Agave and table olive 
fermentations, except for the maximum inhibitory concentration. The methodology used 
in this work could be useful for the industry in general as a first procedure to select 
yeast strains with higher fructose preferences or tolerances, and especially for 
winemakers, where the risk of spoilage increases by the presence of a marked residual 
fructose concentration in the finished wine.   
  
Keywords: Fructose; Optical density; Substrate inhibition model; Saccharomyces 
cerevisiae; Yeasts. 
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Introduction 
Fructose is a simple reducing sugar found in many foods. This compound is an isomer 
of glucose with the same empirical formula (C6H12O6) but with a different structure, 
which determines considerably its physicochemical properties. It can be present in many 
foods either as a free monosaccharide or bound to glucose forming the sucrose 
disaccharide [6]. In general, foods that contain free fructose have more or less the same 
amount of free glucose (grapes, peach, banana, etc), but some of the fruits have larger 
proportions of fructose to glucose (for example apples or pears) [28].  
It is well known that both fructose and glucose can be fermented by yeasts, 
producing ethanol, water, carbon dioxide, and other minor compounds. Glucose and 
fructose are transported into the cell by the same hexose transporters (Hxt) located in 
the plasma membrane [20]. These Hxt proteins are permeases that mediate facilitated 
diffusion of glucose and fructose through the membrane. Saccharomyces cerevisiae 
differs from other yeasts, which may exhibit, in addition to diffusion of glucose and 
fructose, proton symport system for both sugars [21]. Specifically, fructose/H+ symport 
activities were found to coexist with facilitated diffusion system for hexoses in diverse 
species of the Saccharomyces senso stricto complex [12, 23]. Once the sugars have been 
imported into the cell, they are phosphorylated by one of three sugar kinases Hxk1, 
Hxk2 and Glk1 [8, 9], which also differ in their different glucose/fructose affinities. 
Finally, metabolism of hexoses (glucose, fructose and mannose) is general, and is 
carried out largely by the glycolytic pathway.    
Fleet [11] reported that yeasts had a slight preference for glucose uptake than 
fructose in wine fermentations, resulting in a difference between glucose and fructose 
consumption through the fermentative process. Metabolization of fructose by 
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microorganisms in table olives fermentations is also slower than glucose [2]. For these 
reasons a marked residual fructose concentration may be present in the last phase of the 
fermentative process, and sluggish or stuck fermentation can occur, which impart 
important economic losses. One of the solutions to this serious problem consists in the 
reinoculation of the medium with a yeast starter culture that is both alcohol tolerant and 
a vigorous fructose fermenter [24]. Berthels et al. [7] showed that different wine yeast 
strains have strain-specific glucose/fructose consumption discrepancies. Differences in 
the glucose/fructose utilization by yeast strains could be originated to the level of 
transporter or phosphorylation into the cell as mentioned above. Searching for yeast 
strains with higher fructose preference and tolerance is an important goal for the 
fermentation industry in general, and especially for winemakers. Belloch et al. [5] 
studied the fermentative stress adaptation of diverse yeasts within the Saccharomyces 
sensu stricto complex in laboratory medium. All yeasts tested by these authors were 
able to grow in 30 % (w/v) of sugar. It is well known that ”sensu stricto” species of the 
genus Saccharomyces are well adapted to grow on sugar concentrations around 20-30 % 
[22].  
A rapid method to detect candidate yeasts with different fructose utilization 
patterns consist in the study of their growth under a wide range of fructose 
concentrations. In this way, predictive microbiology can be a useful tool [19]. The effect 
of fructose concentration on yeasts growth can be estimated by different ways, but the 
substrate inhibition model seems to be a good alternative. In most of the 
biotechnological processes, substrates can act as inhibitors at higher concentrations and 
behave as activators at lower levels. Several mathematical models have been developed 
for quantifying the inhibitory effect of substrate concentration on microbial growth. 
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Generally, these models are adaptations of modified Monod equations for substrate 
inhibition of enzymatic reactions [16, 17, 25].  
The goal of this work is to study the effect of a wide range of fructose 
concentrations on the overall growth of diverse S. cerevisiae strains isolated from 
different industrial fermentations. The present paper introduces predictive microbiology 
techniques to objectively assess the yeast response, and it could be easily used by the 
industry to select, in a first stage, the best adapted strains to higher levels of fructose.  
 
Materials and methods 
 
Yeast strains 
  
Five yeast strains isolated from different industrial fermentations and regions were used 
in this study. S. cerevisiae T73 and S. bayanus var. uvarum BM58 were isolated from 
wine fermentations in Alicante and Utiel-Requena wine regions (Spain), respectively. 
They are currently commercialized as active dry yeasts. S. cerevisiae IGAL01 was 
isolated from table olive fermentations in Málaga (Spain), while S. cerevisiae C6 and S. 
cerevisiae C9 were isolated from alcoholic fermentations of Agave duranguensis during 
the production of mezcal in Durango (México). These yeasts were deliberately chosen 
due to the fact that they are good adapted to their respective fermentation conditions, 
which present different levels of fructose concentration (from 0.5 to 12.5 % of fructose). 
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BM58 was introduced in this work as an external species control in order to compare 
with the response obtained for the diverse S. cerevisiae strains. 
 
Inoculum preparation 
  
Single colonies from pure cultures of each strain were inoculated separately into 5 mL 
of Yeast Nitrogen Base (YNB) medium (DifcoTM, Becton and Dickinson Company, 
Sparks, USA) supplemented with 1% of fructose as only carbon source, and then 
incubated at 25ºC for 48 h. After this period, tubes were centrifuged at 9000 g for 10 
min, the pellets washed with sterile saline solution (0.9% NaCl) centrifuged and re-
suspended again in sterile saline solution to obtain a concentration of about 8 log10 
CFU/ml.  
 
Media and growth conditions 
 
Experiments for determining the effects of fructose concentration were carried out 
under semi-anaerobic conditions in 10 ml of YNB medium supplemented with twelve 
different fructose concentrations (0.00, 0.55, 1.37, 2.75, 5.50, 11.01, 16.52, 27.54, 
38.56, 55.09, 62.65 and 69.57%). Media were sterilized by filtration (0.2 µm), to avoid 
fructose caramelization, inoculated independently with the diverse yeasts suspension 
reaching an initial concentration of 5.74 ± 0.10 log10 CFU/ml, and subsequently 
incubated without shaking at 25ºC. All experiments were carried out in duplicate and 
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monitorized for 7 days until growth curves reached the stationary phase. Therefore, a 
total of 120 growth curves (12 fructose concentrations x 5 strains x 2 replicates) were 
obtained and analysed. When no growth was recorded, samples were spread on Yeast-
Malt-peptone-glucose (YM, DifcoTM) agar plates to compare the current yeast 
population with respect to the initial inoculum level and to confirm, in this way, a 
possible inhibitory effect of high fructose concentrations.  
 
Growth measurement 
 
Yeast growth was determined by optical density (OD) at 600 nm in an Eppendorf 
BioPhotometer (Hamburg, Germany), using a non inoculated YNB medium as blank. A 
previous calibration curve was developed to obtain correlations between OD and plate 
counts for the five yeasts, showing a linear correlation between 0.1 and 1.7 OD 
corresponding to 5.6 and 7.1 log10 CFU/ml, respectively. For this reason, when OD was 
higher than a value of 1.5, dilutions were obtained in the same blank medium. At least 
11 measurements were taken for each experiment to build the OD vs time plots. 
Subsequently, the overall yeast growth was estimated as the area under the OD vs time 
curve. This parameter was calculated by integration using the OriginPro 7.5 software 
(OriginLab Corporation, Northampton, USA).  
 
Substrate inhibition model 
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A non-linear mathematical model, used previously by Luong [17] and more recently by 
Lin et al. [16], was also applied in this work to estimate the effect of fructose 
concentration on yeast growth. The model considers that substrates will act as inhibitors 
at higher concentrations and behave as activators at lower levels, and it is derived from 
a generalization of a Monod type model, with the following expression: 
 A = [(U*S)/(Ks+S)]*[1-(S/Smax)]                                                                        (1) 
where A (dependent variable) is the area under the OD vs time curve, S (independent 
variable) is the substrate concentration, expressed as percentage (%) equivalent to grams 
per 100 ml, U is the maximum area value calculated by the model, Ks is the monod or 
substrate saturation constant (%) and Smax is the maximum substrate concentration 
above which growth is completely inhibited (%). These parameters were obtained by a 
non-linear regression procedure, minimizing the sum of squares of the difference 
between the experimental data and the fitted model, i.e., loss function (observed-
predicted)2. This task was accomplished using the non-linear module of the Statistica 
7.0 software package (StatSoft, Tulsa, OK, USA) and its Quasi-Newton option. Fit 
adequacy was checked by the proportion of variance explained by the model (R2) 
respect to experimental data. 
The model has the capability to predict the value of substrate concentration 
where maximum growth is obtained, denoted in this work as Sopt. It can be obtained 
from the following equation according to Luong [17]: 
 Sopt= Ks * [(1+D/Ks)0.5 - 1]                                                                                 (2) 
 
Statistical analysis 
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One-way ANOVA module of Statistica 7.0 software package was used to assess if the 
parameters obtained for yeast growth were statistically different from each other. This 
task was carried out by means of a post-hoc comparison with the Scheffé test, which is 
considered to be one of the most conservative post hoc tests [29]. An alternative 
advantage of the Scheffé test is that it can also be used with unequal samples sizes.    
 
Results and Discussion 
 
Estimating the overall yeast growth by means of the area under the OD/time curves 
 
OD measurement is a common procedure usually used in food and predictive 
microbiology to follow microbial growth [19]. It is easily applicable, rapid and 
inexpensive respect to plate count methods. For these reasons, several authors have used 
the area under the OD/time curves as a valuable procedure to estimate the inhibitory 
effects of diverse substances (essential oils, chloride salts, weak acids) on microbial 
growth [3, 4, 14, 27]. As the amount of inhibitor increases, the effect on the growth of 
the organism also increases, and this effect on the growth is reflected by a reduction in 
the area under the OD/time curve. However, if the substance has a stimulating effect, an 
increase in the area under the OD/time curve is observed [4]. To compare area values 
between different strains and conditions is necessary to use always the same time period 
(in this work 7 days) due to this parameter is strongly influenced by the duration of the 
experiments.  
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 As a graphic example, Figure 1 shows the plot of OD vs time for yeast T73 
growing under different fructose concentrations. Similar results were also obtained for 
the other yeasts (data not shown). As can be seen, the area under the growth curve 
decreased as the inhibitor effect of fructose concentration increased, obtaining the 
minimum area at 62.65% of fructose. Their values, estimated directly by integration of 
the curves with an appropriate software (see material and methods), were 684.69, 
440.07, 284.14, 60.89, and 11.89 for 5.50, 27.54, 38.56, 55.09 and 62.65% of fructose, 
respectively. In Table 1, it can be seen that the area under the OD/time curve was 
inversely related to the lag phase, and linearly related to both maximum exponential 
growth rate and maximum OD reached. In this way, the maximum area value was 
obtained when the slope of the growth curve and the upper OD asymptote were higher, 
but lag phase was shorter. Therefore, in this work the area under OD/time curve was 
considered as an appropriate indicator of the overall yeast growth due to the fact that 
this value showed a clear proportionality (direct or inverse) with the kinetic growth 
parameters. All area values were obtained for each initial fructose concentration and 
yeast. Table 2 summarizes the means of these values for the strains T73, IGAL01, C6, 
C9 and BM58, showing also their respective standard deviations calculated from 
duplicated experiments. In general, area values were higher for yeast T73 than for the 
other strains, regardless the concentrations assayed. 
 
Fit of experimental data to the substrate inhibition model  
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Diverse substrates can act as activators at low levels and as inhibitors at higher 
concentrations, showing a non-linear dose response. Luong [17] reported the inhibitory 
effect of butanol on Candida utilis growth. A butanol level around 0.1% produced a 
maximum on the maximum specific growth rate of C. utilis, but higher levels of this 
compound produced a marked decrease on the growth, resulting in a total inhibition at 
0.9%. Bautista-Gallego et al. [4] also mentioned a similar behaviour of yeast S. 
cerevisiae as a function of increasing levels of potassium chloride, showing an 
activation shoulder around 2% and a total inhibition at 22%. According to Figure 2, 
which represents the areas under growth curve versus fructose concentrations between 0 
and 70%, a similar trend was also found for yeasts T73, IGAL01, C6, C9 and BM58. At 
low substrate concentrations the areas increased with increasing substrate concentration, 
but after the maximum value was reached, the areas decreased linearly as substrate 
concentration was further increased. Graphically, maximum area values were attained 
around 5% of fructose concentration, while growth was completely inhibited above 
60%.  
Experimental data obtained in Table 2 were fitted with the Luong model [17] by 
means of a non-linear regression procedure (Figure 2). The fit was very good, with a 
proportion of variance accounted (R2) of 0.996, 0.995, 0.990, 0.996 and 0.978 for yeasts 
T73, IGAL01, C6, C9 and BM58 respectively. The probability for the F obtained in the 
ANOVA regression was always below 0.000001. Therefore, the model used accurately 
represents the experimental data, and the obtained parameters (U, Sopt, Smax and Ks) 
(Table 3) can be used for a quantitative comparison of the yeast response against 
fructose concentration variation.       
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 The optimal fructose concentrations for growth (Sopt) were obtained at 6.05, 
5.43, 4.65, 4.54 and 4.33% for yeasts BM58, T73, C6, IGAL01 and C9, respectively. 
The effects of glucose and sucrose concentration on microbial growth had been 
previously studied and fitted with a substrate inhibition model by Sivakumar et al. [25]. 
These authors showed that a glucose concentration around 2% produced a maximum in 
Klebsiella oxytoca growth, but over this value the growth decreased linearly. A similar 
result was also obtained for glucose and Actinobacillus succinogenes in a semi-defined 
medium by Lin et al. [16]. The optimum sucrose concentration for growth of a mixed 
culture of microorganism was attained at 0.2% [25]. In this work, optimum fructose 
concentrations for S. cerevisiae and S. bayanus strains were always above these values.  
The maximum fructose concentrations above which growth was completely 
inhibited (Smax) were attained at 63.85, 61.90, 61.57, 61.20 and 59.56% for yeasts C9, 
IGAL01, T73, C6 and BM58, respectively. Yeast population decreased after 7 days at 
these fructose levels approximately in 3.7 log10 CFU/ml respect to the initial inoculum 
(5.74 log10 CFU/ml), which confirmed the inhibitory effect of this sugar at high levels. 
S. cerevisiae and S. bayanus are not normally isolated from high-sugar foods (>50%) 
[22]. According to Tilbury [26], yeasts with capacity to grow up to 60 % of sugar can be 
considered as osmotolerant microorganisms, while osmophilic species are those able to 
growth above 60% of sugar [22]. Resistance to high sugar is largely based around 
accumulation of high concentrations of compatible solutes in the cytoplasm, such as 
glycerol, trehalose or arabitol [22]. Although most yeasts can happily grow in 20% of 
sugar, only diverse Zygosaccharomyces and Candida yeast strains can tolerate glucose 
concentrations between 72 and 90% [18], values higher than obtained in this work and 
those reported by Lin et al. [16] for A. succinogenes in a semi-defined medium (15%). 
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Unfortunately, we have not found numerical data in the literature about the effects of 
high levels of glucose on S. cerevisiae growth in order to compare with results obtained 
in this work for fructose. However, glucose and fructose have the same molecular 
weight (180.16), and we can presume that a given quantity of glucose in solution should 
result in approximately the same osmotic pressure than a fructose solution at the same 
concentration, producing similar effects. Finally, the maximum area values estimated by 
the model (U) were 804.04, 745.16, 641.22, 595.43 and 559.74 for yeasts T73, BM58, 
C9, IGAL01 and C6, while Ks (the Monod or substrate saturation constant) was higher 
for BM58 and T73 than for the other yeasts (see Table 3). Ks represent the sugar 
concentration which half of the maximum area value is reached.  
All yeasts studied in this work showed very similar responses although they 
were isolated from diverse continents and fermentations with different fructose 
proportions. The normal levels of fructose in wines, environment for the yeasts T73 and 
BM58, are around 12.5%. IGAL01 was isolated from table olive fermentation with 
levels of fructose around 0.5%, while yeasts C6 and C9 were obtained from Agave 
fermentation, where fructose is the main sugar and reaches concentrations of around 
9%. The five yeasts were able to growth in fructose concentration up to 60%, a limit far 
above than the normal fructose concentrations found in their respective fermentative 
environments. However, significant differences were found among strains for the model 
parameters, and consequently in the yeast response, according to ANOVA-Scheffé tests 
(Table 3). In this way, yeasts IGAL01, C6 and C9 did not show differences among them 
for parameters U, Ks and Sopt, but they were significantly different with respect to T73 
and BM58. Wine yeasts, adapted to fermentative environments with higher fructose 
levels, showed also higher Sopt. Moreover, T73 and BM58 were the yeasts with higher 
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areas for all fructose concentrations assayed. The S. bayanus strain (BM58), used in this 
work as external species control, was statistically different than S. cerevisiae strains for 
parameters Ks and Sopt. Finally, no statistical differences among yeasts were found for 
the maximum substrate inhibitory concentration (Smax).  
Fay and Benavides [10] found evidences of a genetic diversity between S. 
cerevisiae wine yeasts and other Saccharomyces strains isolated from sake 
fermentations analyzing the sequences at five loci in 49 strains. Similar results were 
also found by Legras et al. [15] who analyzed 651 strains from different foods by 
microsatellite analysis, and by Arias [1] who showed a genetic differentiation between 
Saccharomyces wine yeasts and other Saccharomyces strains isolated from diverse 
fermentations such as olives, beer, Agave and sake by using sequence analysis of four 
nuclear genes and one mitochondria from more than 230 strains. However, no studies 
were carried out to determine if different physiological properties were associated to 
these genetic divergences. In this work, we have found slight but significant differences 
for some biological parameters related to fructose response in S. cerevisiae strains 
isolated from wine, table olive and Agave fermentations. These differences could be 
related to genetic divergences, either to the level of sugar transport across the plasma 
membrane [13] or in the hexose phosphorylation inside the cell [8]. 
 
Conclusions 
 
The model used in this work turned out to be useful to fit, at a small scale, the effect of 
fructose concentration on the growth of four S. cerevisiae and one S. bayanus strains, 
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allowing at the same time a quantitative comparison among them. Levels of fructose 
between 4.33 and 6.05% stimulated yeast growth, but values above 59.56 and 63.85% 
were inhibitory, with a reduction on yeast population with respect to the initial 
inoculum of ≈3.7 log10 CFU/ml. Apparently, parameters obtained by means of the 
substrate inhibition model for wine yeast strains were significant different than those 
obtained for the other yeasts, except for the maximum fructose concentration where 
growth was inhibited. The different physiological sugar response between S. cerevisiae 
wine yeast and other S. cerevisiae fermentative strains could have a genetic origin, 
although further studies are necessary to confirm these hypotheses. The methodology 
used in this work could be useful for the industry to select, in a first stage, yeast strains 
with higher fructose preferences or tolerances. However, these yeasts must be 
subsequently studied under real fermentation conditions to validate the preliminary 
results, paying special attention to their fermentative properties. Further studies are also 
necessary to check if this procedure result appropriated to estimate the effect of fructose 
for the rest of Saccharomyces species. 
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Table 1. Kinetic parameters (±standard deviation) obtained from curves of Figure 1 and 
their relation with the area under OD vs time curve for yeast S. cerevisiae T73 as a 
function of fructose concentration. Similar results were also obtained for the other 
yeasts and fructose concentrations. 
Fructose 
% (w/v) 
Lag phase 
(λ, hours) 
Maximum 
exponential growth 
rate (µmax, hours-1) 
Maximum 
OD reached 
(MOD) 
Area†
 
5.50 7.81±0.41 0.27±0.01 4.30±0.14 684.69±0.87 
27.54 9.03±0.04 0.10±0.00 3.08±0.01 440.07±2.24 
38.53 13.02±0.14 0.05±0.01 2.08±0.03 284.14±2.25 
55.09 54.54±5.36 0.01±0.00 0.80±0.01 60.89±1.18 
62.65 169.00±0.00 0.00±0.00 0.10±0.00 11.89±0.13 
† Relation between the Area under OD vs time curve and:  
a) lag phase; Area = -40.48 + 4970.86*1/λ (R2=0.95)  
b) maximum OD reached; Area= -41.05 + 162.83*MOD (R2=0.99)  
c) maximum exponential growth rate; Area= 76.78 + 2439.42*µmax (R2=0.95) 
 
 
 
 
 
21 
 
Table 2. Levels of fructose concentration and areas under OD vs time curves (± 
standard deviation) obtained for yeasts S. cerevisiae T73, S. bayanus var. uvarum 
BM58, S. cerevisiae IGAL01, S. cerevisiae C6 and S. cerevisiae C9 by means of the 
integration procedure described in the Material and Methods section.  
Fructose 
% (w/v) 
T73 IGAL01 C6 C9 BM58 
0.00 9.00±1.03 8.12±1.66 9.50±0.71 10.90±0.40 9.76±1.57 
0.55 381.48±2.65 343.21±2.35 318.06±1.86 397.24±0.98 285.09±1.15 
1.37 549.04±1.55 446.97±3.31 411.09±1.29 519.74±1.77 451.47±1.02 
2.75 638.49±1.15 507.61±6.07 465.35±1.27 552.28±2.35 581.42±1.72 
5.50 684.69±0.87 525.54±1.85 492.92±1.19 522.13±34.42 607.92±1.17 
11.01 602.26±1.91 446.51±1.41 416.97±2.53 505.45±2.61 525.74±5.84 
16.52 574.01±0.92 429.74±0.43 402.10±1.88 483.57±0.87 499.38±0.53 
27.54 440.07±2.24 331.95±1.37 307.24±2.86 376.57±1.12 427.85±8.43 
38.56 284.14±2.25 218.86±0.98 222.83±1.24 266.61±1.01 204.83±5.74 
55.09 60.89±1.18 47.36±0.50 17.48±0.90 69.60±4.20 18.12±1.12 
62.65 11.89±0.13 9.66±1.14 9.43±1.43 11.28±0.12 10.71±1.09 
69.57 9.37±1.65 12.51±1.82 9.71±0.80 11.18±0.43 10.05±1.92 
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Table 3. Parameter values obtained by means of the Luong model [17] for yeasts S. 
cerevisiae T73, S. bayanus var. uvarum BM58, S. cerevisiae IGAL01, S. cerevisiae C6 
and S. cerevisiae C9.  
Yeasts U 
 
Ks  
(%, w/v) 
Smax  
(%, w/v) 
Sopt
(%, w/v) 
T73 804.04 (4.01) a 0.582 (0.002) a 61.57 (1.45) a 5.43 (0.06) a
IGAL01 595.43 (7.09) b 0.390 (0.013) b 61.90 (1.40) a 4.54 (0.13) b
C6 559.74 (12.53) b 0.418 (0.041) b 61.20 (2.86) a 4.65 (0.08) b
C9 641.22 (25.65) b 0.323 (0.009) b 63.85 (1.58) a 4.33 (0.02) b
BM58 745.16 (11.70) a 0.772 (0.019) c 59.56 (0.55) a 6.05 (0.05) c
 
Note: Standard deviation obtained from replicate experiments shown between 
parentheses. Values followed by different superindexes, within the same column, are 
significantly different according to Scheffé test. U, maximum area value calculated by 
the model; Ks, Monod or substrate saturation constant; Smax, maximum substrate 
concentration above which growth is completely inhibited; Sopt, substrate concentration 
where maximum area value (U) is obtained.  
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Figure legends 
Figure 1. Optical density versus time growth curves for yeast S. cerevisiae T73 as a 
function of diverse fructose concentrations (%, w/v).  
Figure 2. Area under growth curves versus fructose concentration for yeasts S. 
cerevisiae T73, S. bayanus var. uvarum BM58, S. cerevisiae IGAL01, S. cerevisiae C6 
and S. cerevisiae C9 fitted by means of a substrate inhibition model [17]. 
 
 
 
 


